In the past decade, the annual production of biodiesel had increased globally by 5 billion gallons [201] . Meanwhile, success in the biodiesel industry has also contributed to the surplus of glycerol, a byproduct of biodiesel production. Although glycerol has various applications, for example, as a moistening agent and/or lubricant in food, and for pharmaceutical and personal care products, the demand for glycerol is still not high enough to handle the increasing supply of crude glycerol. One promising and valuable chemical that can be produced from glycerol is propylene glycol (PG). PG, or 1,2-propanediol, is used widely as an antifreeze agent and as a raw material for other industrial applications. Suppes and co-workers performed various studies and patented a process of producing PG from glycerol [1, 2, 101] . Principally, glycerol is converted to PG by selectively removing one of the two primary hydroxyl groups in glycerol through hydrogenolysis.
There are two theories on selective removal of hydroxyl groups; namely, the acetol pathway and the glyceraldehyde pathway [3] . According to the acetol pathway, the secondary hydroxyl group of glycerol is first dehydrated to acetol, which is then followed by catalytic hydrogenation to PG. Chui et al. focused their investigation on converting glycerol to acetol and selectively produced acetol through dehydration of glycerol using a copper chromite catalyst [1] . As acetol is the precursor to PG, it may be hydrogenated to achieve high product selectivity [102] . In catalytic hydrogenation, the presence of hydrogen in the system is a must. Other studies also reported similar findings on promoting hydrogenolysis by supplying an external source of hydrogen [3] [4] [5] . Ruthenium with an Amberlyst™ ion-exchange resin and silica-supported copper catalysts, Cu-ZnO, Cu/Zn/Al, Ru/C and Pt/C, are among the catalysts that have been studied and proven to exhibit high selectivity of PG [3] [4] [5] [6] [7] . Generally, a process of either a batch or continuous system was operated at approximately 200°C and 200-600 psi of hydrogen. Although high yields of propylene glycerol can be achieved by hydrogenolysis of glycerol or dehydration of acetol followed by hydrogenation to PG, the externally supplied hydrogen is still derived from fossil sources. Hydrogen production from fossil sources is an energy-intensive process and hydrogen storage and transportation are challenging, thus high cost is inevitable. Therefore, it would be ideal Verification of propylene glycol preparation from glycerol via the acetol pathway by in situ hydrogenolysis Background: Propylene glycol (PG) is one value-added product that can be produced from glycerol through catalytic hydrogenolysis, which conventionally requires external supply of costly hydrogen. This study investigated PG preparation from glycerol through the acetol pathway by Raney nickel-catalyzed hydrogenolysis without an external hydrogen supply. Results: Experiments were designed to examine the glycerol conversion with specific reactant formulations. Thermodynamic ana lysis was also conducted on species at equilibrium to investigate the pathway from another angle. Conclusion: Acetol is the intermediate in glycerol conversion to PG and hydrogen is internally generated from reformation reactions. The reaction rate of acetol hydrogenolysis dictates the PG yield. PG would be further converted to ethanol through hydrogenolysis if the reaction time were extended.
if the hydrogen needed is generated in situ and utilized immediately in hydrogen olysis of the intermediate compound, acetol, to yield PG. We have previously reported that PG and ethanol can be produced from glycerol through hydrogenolysis without an external hydrogen supply, using a Raney nickel catalyst [8] . To the best of the authors' knowledge, no other studies in the literature have reported using a Raney nickel catalyst for preparing PG from glycerol in the absence of added hydrogen. The hydrogen needed for hydrogenolysis of glycerol to PG was produced in situ from the reformation of glycerol. Under the conditions explored in our previous study (less than one hour of reaction time under Raney nickel catalyst), ethanol and PG yields of up to 10.4 ± 0.2%mol and 33.2 ± 1.4%mol, respectively, were achieved. Hondt et al. [9] and Gandaria et al. [10] have also studied the conversion of glycerol to PG in the absence of hydrogen using platinum catalysts under the conditions of 220-240°C, 1-24 h reaction time and 4:1 water-to-glycerol molar ratio. Both studies demonstated that by using a platinum catalyst it takes a longer time period to achieve similar yields compared with using a Raney nickel catalyst. It is also noted from these studies that a combined yield of less than 10% ethanol and PG was observed after 1 h of reaction when using a platinum catalyst.
All of these studies on converting glycerol to PG in the absence of hydrogen claimed that the process follows the acetol pathway. We were interested to know whether it is the case in our currently studied process and whether the yield of PG could be improved if the process proceeds stepwise. In the work of Suppes and Sutterlin, where an external hydrogen supply was used, PG yield and selectivity were improved when the process was divided into two steps; namely, dehydration of glycerol to acetol and hydrogenation of acetol to PG [101] . Acetol was produced selectively and separated from residual glycerol through reactive distillation. Acetol from the first step was then treated with hydrogen to produce PG. The use of acetol as a feedstock in the second step reduced the side reactions, such as the formation of ethylene glycol, which occurs if a one-pot process of glycerol dehydration and hydrogenolysis is used. Theoretically, the same stoichiometric amount of hydrogen can be produced from acetol as that from glycerol when it is reformed. In addition, starting with the acetol intermediate means fewer reaction steps and requires lower energy to afford the final product; although, to the best of the authors' knowledge, no studies have reported that acetol can be converted to PG with in situ hydrogen generation. Thus, we investigated a two-step process, without addition of external hydrogen, to determine whether converting acetol to PG with in situ hydrogen generation, as a part of the proposed two-step process, would occur and would improve the overall product yield. A 300-ml pressure reactor from Parr Instruments company (Des Moines, IL, USA) was used for conducting the experiments throughout this study. The reactor is equipped with a controller to regulate and/or monitor the operating temperature, pressure and agitation motor speed, and is capable of handling up to 350°C and 20 MPa (3000 psi). A capture vessel (a vacuum flask) was installed on the exhaust line to arrest any possible condensables during the vent of gaseous products after reaction (Figure 1 ).
Methodology

Gas chromatograph ana lysis of samples
For each sample 5 g was mixed with 100 mg of diethyl ether (the internal standard), and deionized water was added to make the sample size up to 10 ml. Each sample was then diluted by high-performance liquid chromatography-grade acetone to 50 ml as the final prepared solution. Agilent 6890N Gas Chromatograph with a flame ionization detector was used for analyzing the samples for PG, alcohols and residual acetol. For this purpose, a 30-m long and 0.32-mm diameter DB ® -wax column with 0.5-µm film thickness was used. The oven temperature was programmed to begin at 30°C for 10 min before ramping to 220°C at 30°C/ min, and with a final holding time of 13 min. Samples of 1 µl were injected with a split ratio of 60:1 and with
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Hydrogenolysis: Chemical reaction in which a carbon-carbon or carbon-hetroatom (i.e., carbon-oxygen) bond is cleaved by the attack of hydrogen.
Acetol pathway: Series of chemical reaction steps in converting glycerol to propylene glycol, in which glycerol is first chemically dehydrated to form acetol (or hydroxyacetone) and water, followed by catalytic hydrogenation of acetol to produce propylene glycol.
Raney nickel catalyst: Nickel-aluminum alloy-based catalyst that is commonly used for hydrogenation reactions. It is also known as the sponge-metal catalyst and/or skeletal catalyst.
an inlet port temperature of 250°C. Helium was used as the carrier gas with its pressure programmed to start at 48 kPa (7 psig) for 10 min, then ramp to 103 kPa (15 psig) at 34.5 kPa/min (5 psi/min). The flame ionization detector was set at 300°C with a nitrogen makeup gas of 30 ml/min.
Experimental procedures
The purpose of this study is to investigate if hydrogenolysis of the intermediate acetol would occur in the absence of an external hydrogen supply, which is the second step of the proposed two-step pathway (i.e., glycerol to acetol then acetol to PG), and if the product yields would be improved. Experiments were conducted using the batch reactor system as described in Figure 1 . Throughout the experiments, 100 g of acetol-water mixture with 5:1 deionized water-to-acetol molar ratio and 9.1 wt% catalyst concentration was used. Acetol used in this study has a purity of 95% or more, with the rest as water. The reactor was purged with nitrogen for 1 min to remove oxygen in the headspace before the experiments started. The reactor was then heated to a preset temperature of 230°C (the favorable temperature as determined by our previous studies [8, Maglinao RL, He BB. Optimization of in situ hydrogenolysis of glycerol to PG and ethanol (2011), Submitted]) and maintained for preset reaction duration. The heating process from room temperature to 230°C took approximately 45 min. Upon completion of the reaction, the reactor was cooled down to room temperature by the equipped cooling mechanism in approximately 20 min. The noncondensable gases formed during the reaction were removed through the vent and selectively analyzed for its composition by gas detection tubes (Draeger, Conyers, GA, USA). The catalyst was separated from the liquid product by filtration at a vacuum of 16.9 kPa (5 in Hg) with Whatman ® Qualitative No. 1 filter paper (11 µm pore size).
In order to compare the proposed two-step pathway to a one-pot synthesis of PG from glycerol in the absence of external hydrogen, glycerol was used as the reactant in another set of experiments. Glycerol was mixed with deionized water in the same 5:1 water-to-glycerol molar ratio, and the experiments and analytical procedures were the same as described above. In the third set of experiments for studying the PG decomposition to alcohols, PG was used as the reactant instead. All of the experiments were conducted in triplicates.
The amount of gas evolved in the reactions was estimated using the modified Benedict-Webb-Rubin gas equation of state for real gas mixtures. The intermediate parameters were computed using the acentric factor, critical temperature and critical density of pure compounds involved as described by Starling and Han [11] . The pressure difference at 30°C in the reactor before and after the reaction was assumed to be the contribution of gas formed during the reactions thus used in the gas equation of state for estimating the gas quantity. Based on the selected tests of the gas samples (data not shown), CO 2 appeared the dominated gaseous product; thus, was used as the representative component. where n o,i is moles of reactant before the reaction (initial quantity), n f,i is moles of reactant after the reaction (residual quantity) and 'i' is reactant index of acetol, glycerol or PG; The yield (y j ) of alcohol (j) (%mol):
where n j is moles of compound 'j' in the liquid product, and 'j' is product index of PG, methanol, ethanol or propanol;
The yield (y g ) of gases based on the carbon input (% mol):
where n c,g is the moles of carbon in the gaseous product and n c,f is the moles of carbon in the feed.
Thermodynamic ana lysis
Thermodynamic ana lysis of the process was conducted on the theoretical concentrations of each species at equilibrium by minimizing the Gibbs' free energy, and comparing with experimental results. Analysis of thermodynamic properties, such as enthalpy (DH o ) and equilibrium constant (K) of a reaction, also provides information on the endothermic/exothermic reactions and chemical equilibriums. The Gibbs' free energy of the reaction was computed by Equation 4 [12] , and the equilibrium constants and enthalpies were estimated by Equation 5 (reaction equilibrium constant in relation to Gibbs' free energy) and Equation 6 (enthalpy of a reaction as a function of temperature).
Where C A BT CT T RT
Standard thermodynamic properties of the primary alcohols and gases (e.g., CH 4 , CO 2 , CO and H 2 ) were obtained from Smith et al. [12] , while the standard thermodynamic properties of PG used were from Perry et al. [13] . The authors were not able to find some properties for acetol in literature, so its thermo dynamic properties were estimated as below. The Gibbs' free energy of formation and enthalpy of formation at standard pressure and temperature of acetol were estimated by the method of Group Contributions using the Van Krevelen and Chermin equation [14] . The co efficients for the heat capacity (c p ) of acetol were estimated using the Bennewitz and Rossner equation [14] .
The equilibrium concentrations of compounds involved in the catalytic conversion of acetol to PG were computed by minimizing the Gibbs' free energy of the reactions. Since the process involves sets of independent reactions, the equilibrium point, which minimizes Gibbs' free energy, was computed using the method of Lagrange's undetermined multipliers [12] . This method estimates the thermodynamic equilibrium concentrations without the knowledge of stoichiometrically independent reactions. A program was written in Mathcad 14.0 (The Product Development Company, Needham, MA, USA) to perform the computations.
Results & discussion
Acetol as the intermediate Table 1 summarizes the experimental results of glycerol conversion. Additional to PG, the major compound in the liquid product, acetol was also detected in the catalytic conversion of glycerol with internal hydrogen generation (Table 1) . The presence of acetol and PG in the liquid product confirmed that hydrogenolysis of glycerol to PG had occurred, and that acetol is the intermediate compound of this process. In selected tests of the gaseous product by hydrogen detection tubes (Draeger, Conyers, GA, USA), 2.5%mol of hydrogen was detected. The presence of hydrogen in the gas product and the formation of PG concur the conclusion that hydrogen was produced in situ and utilized in hydrogenating the intermediate, acetol, in this process.
Conversion of acetol to PG
The experimental results in the tests of acetol conversion to PG show that up to 20.81%mol PG yield was achieved in 20 min during the catalytic conversion of acetol without external supply of hydrogen (Table 2 ). The formation of PG proved that acetol hydrogenolysis to PG occurred in the system. In addition, the presence of PG also confirmed that under the operating conditions with Raney nickel catalyst, hydrogen was produced from acetol and was simultaneously used in the acetol hydrogenation. There are no other sources of hydrogen in the system to afford the formation of PG but from the acetol reformation (reaction 2 in Figure 2) . Detection of hydrogen (~0.6%mol) in the gaseous product also supports this observation.
More than 98% of acetol was converted in 20 min of reaction and the yield of PG reached 20.81%mol. This was a relatively lower yield than that when glycerol was the reactant (Table 1) . Prolonging the reaction to 65 min, the PG yield decreased from 20.81%mol to 17.11%mol. Based on these observations, it is possible that the reaction rate of acetol conversion to PG is faster than glycerol conversion to PG. The results suggest that dehydration of glycerol to acetol could be one of the limiting reactions in the formation of PG from glycerol.
Among the byproducts, ethanol and gases increased significantly from 5.18%mol to 6.80%mol and from 12.52%mol to 20.52%mol, respectively, when the reaction was prolonged (Table 2 ). This trend was also observed when glycerol was used as the reactant (Table 1 ). This observation suggests that PG might have been degraded to mostly ethanol and gases. Based on Wojcik and Adkins' work on hydrogenolysis of longchain alcohols to hydrocarbons, ethanol can form from PG via cleavage at the carbon with primary hydroxyl groups to produce ethanol, CH 4 and water (Figure 2 ) [15] . Although ethanol can theoretically come from acetol through the suggested mechanism by Wojcik and Adkins as illustrated in Figure 3 [15] , the results of this study suggest that most of the ethanol comes from the degradation of PG as attested by the reverse trend of the ethanol yield versus the PG yield. If ethanol were formed directly from acetol, its yield would have been higher in the instances where acetol was the reactant as opposed to PG. Comparing the results in Tables 2 & 3 shows that ethanol is formed from the degradation of PG.
In addition to the degradation of PG to other products, such as ethanol and gases, the reverse reaction of acetol hydrogenolysis also affected the yield of PG. Table 3 shows that acetol is a major product from PG decomposition. It confirms that PG reverts back to acetol via dehydrogenation, the reverse reaction in Figure 4 . This also confirms that the acetol hydrogenolysis to PG is a reversible process, although the reverse reaction or dehydrogenation is much slower than the hydrogenolysis as shown by the lower conversion rate of PG compared with that of acetol (Tables 2 & 3) . This is the reason why PG was the dominant product in the catalytic conversion of acetol.
It was also observed that the overall selectivities of alcohols and PG or acetol were low (Tables 2 & 3) .
Compounds heavier than glycerol may have been produced in the system, but was not observed in a significant quantity. Water was produced from reactions of CO, a product of reformation of PG and hydrogen (reaction 4 in Figure 2 ). The application rate of Raney nickel catalyst was 9.1 wt%, the operating temperature was 230°C and the water-to-glycerol molar ratio was 5:1. Data are presented in the form of mean ± standard deviation. The application rate of Raney nickel catalyst was 9.1 wt%, the operating temperature was 230°C, and the water-to-glycerol molar ratio was 5:1. Data are presented in the form of mean ± standard deviation.
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Reaction pathways & thermodynamic ana lysis
The results in Tables 2 & 3 are explained by the degradation of PG to ethanol as shown in Figure 3 . However, it may be plausible that ethanol had formed from the dehydrogenation of PG to acetol (the reverse process of reaction 1 in Figure 2) , followed by the hydrogenolysis of acetol to ethanol (Figure 4) as a competing reaction. To further explore and verify the competition, the two reactions in Figures 3 & 4 were evaluated at 230°C for their thermodynamic feasibility through the equilibrium constants by Equations 4 & 5. Results showed that both reactions have very high equilibrium constants although the equilibrium constant for the conversion of acetol to ethanol is smaller (in the level of 10 45 ) compared with that of PG to ethanol (in the level of 10 55 ). The high values of equilibrium constants suggest that, at equilibrium, both reactions of acetol and PG conversion will completely proceed forward to produce ethanol. The dynamics or the difference in the reaction rates, therefore, will determine which reaction contributed the most to ethanol formation in the system. If ethanol was mainly produced from acetol, prolonging the reaction from 20 to 65 min would not have increased ethanol yield since most of the acetol would have already been converted. However, it was noted that there were no significant difference in the conversion rates of acetol between 20 and 65 min of reaction time (Table 2) . On the other hand, the decrease in PG yield, which is coupled with the increase in ethanol yield (Table 2 ) and the significant increase in the ethanol yield when PG was degraded (Table 3 ), suggest that the reaction rate of PG to ethanol (Figure 3) is faster than that of acetol to ethanol (Figure 4) .
The retro-aldol condensation mechanism for hydrogenolysis of polyhydric alcohols is an additional proof for the likely occurrence of Figure 3 . Retro-aldol condensation had been experimentally verified, using Raney Cu and Raney nickel catalysts, to be the mechanism of carbon-carbon bond cleavage in the hydrogenolysis of sugars and sugar alcohols [16] . Based on the retro-aldol condensation mechanism, ethanol will likely be produced from the hydrogenolysis of PG rather than from acetol. In retro-aldol condensation, the carbon-carbon bond between the adjacent carbons with hydroxyl groups will more likely undergo a cleavage as compared with that between adjacent carbons of one with a hydroxyl group and another with a carbonyl group. CH 4 and water will form in the subsequent reforming reactions; that is, the Cannizzaro reaction and Sabatier process [16, 17] . The formaldehyde produced from the retro-aldol condensation of PG will undergo a Cannizzaro process to produce CO 2 [16] . A subsequent Sabetier process, which occurs during aqueous phase reformation of glycerol to hydrogen, will convert CO 2 to CH 4 and water in the presence of hydrogen [17] . These three reactions, from the cleavage of the carbon-carbon bond to CH 4 formation, will result in the formation of ethanol, CH 4 and water from PG as shown in Figure 3 .
Methanol can be formed from formaldehyde, the intermediate product of retro-adol condensation of PG to ethanol, through hydrogenation. In this study, however, only small amounts of methanol were observed and the correlation between the ethanol and methanol yields from the results was unclear. A possible explanation of unequal yields of methanol and ethanol is that the Cannizzaro reaction was likely favored over hydrogenolysis of formaldehyde to methanol because of the presence of transition metal in the reaction [16] .
Reaction 1 in Figure 2 is the hydrogenolysis of acetol to PG. As discussed earlier, this reaction requires hydrogen to proceed. Based on the fact that hydrogen was found in the system, hydrogen must have been formed from the reformation of acetol. According to Dauenhauer et al., oxygenated organic compounds, for example carbohydrates, break down to hydrogen and CO through subsequent C-H, O-H, C-O and possibly C-C bond cleavages [18] . The radicals and/or active intermediates of C, H, O and CO from these cleavages are absorbed The application rate of Raney nickel catalyst was 9.1 wt%, the operating temperature was 230°C, and the water-to-glycerol molar ratio was 5:1. Data are presented in the form of mean ± standard deviation. to the metal catalyst to form hydrogen and CO. When water is present, additional hydrogen may yield through the water-gas-shift reaction. Reaction 2 in Figure 4 is the stoichiometric reformation of acetol to hydrogen and CO 2 , a coupling of acetol gasification to give CO and hydrogen, and the water-gas-shift reaction. Thermodynamic ana lysis through minimizing the Gibbs' free energy showed that catalytic conversion of acetol, at equilibrium, would produce largely CO 2 and CH 4 at 230°C. The concentrations of PG and ethanol would be less than 0.001% in the liquid and the concentration of hydrogen would be approximately 5.5%mol in the noncondensable gases. The finding explains the decreasing trend of PG yield at extended reaction time. If the process reaches its true equilibrium, CO 2 and hydrogen would be the only products, as indicated by our gaseous product ana lysis that hydrogen and CO 2 were indeed in the system.
Conclusion
This study has shown that acetol was hydrogenated to PG with in situ hydrogen generation. When acetol is used as the reactant, the PG yield was relatively low compared with that when glycerol was used as the reactant. It is concluded that in the absence of external hydrogen, the rate of PG formation from acetol was faster than the rate of glycerol conversion to PG.
Results also confirm that hydrogenolysis of acetol to PG is a reversible process in which the forward reaction (i.e., hydrogenolysis of acetol to PG) has a faster reaction rate than that of the reverse reaction (i.e., dehydrogenation of PG to acetol). If true equilibrium is reached, the catalytic conversion of acetol to PG would result only in CO 2 , CH 4 and hydrogen. Thus, balancing the acetol reformation and hydrogenolysis reactions is necessary for optimizing the production of PG and requires further investigation The findings from this study also suggest that ethanol is derived from further hydrogenolysis of PG rather than from direct acetol conversion, as supported by the thermodynamic ana lysis and the reaction mechanism of hydrogenolysis of polyhydric alcohols.
Future perspective
It is the authors' viewpoint that the confirmation of this process and the findings from this study would be largely beneficial to the biodiesel industry and other industries that produce glycerol. PG has various uses, such as antifreeze agents and precursors for food and cosmetic applications. A process that converts low-value byproduct glycerol to valuable PG would greatly interest any investors and industries. Different to other processes, this process not only requires no external supply of hydrogen, but also achieves high feedstock conversions and product yields in a shorter reaction time. Based on the advantages presented, it is the authors' belief that this research will attract more researchers to conduct in-depth studies on process optimization and the biodiesel industry will likely adopt this process in resolving the issue of increased surplus in crude glycerol.
